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Abstract

Fishes have remarkable ability to effectively rebuild the structure of nerve cells and nerve fibers after central
nervous system injury. However, the underlying mechanism is poorly understood. In order to address this
issue, we investigated the proliferation and apoptosis of cells in contralateral and ipsilateral optic nerves,

.. . . id:
afte{ stab. wound injury to t.he eye of an adult trout Oncorhynchus mykzss. Heterogenous populanon. of 8230_0003_0388_ 3147
proliferating cells was investigated at 1 week after injury. TUNEL labeling gave a qualitative and quantita- (Evgeniya V. Pushchina)

tive assessment of apoptosis in the cells of optic nerve of trout 2 days after injury. After optic nerve injury,
apoptotic response was investigated, and mass patterns of cell migration were found. The maximal con-
centration of apoptotic bodies was detected in the areas of mass clumps of cells. It is probably indicative of
massive cell death in the area of high phagocytic activity of macrophages/microglia. At 1 week after optic
nerve injury, we observed nerve cell proliferation in the trout brain integration centers: the cerebellum and
the optic tectum. In the optic tectum, proliferating cell nuclear antigen (PCNA)-immunopositive radial
glia-like cells were identified. Proliferative activity of nerve cells was detected in the dorsal proliferative
(matrix) area of the cerebellum and in parenchymal cells of the molecular and granular layers whereas local
clusters of undifferentiated cells which formed neurogenic niches were observed in both the optic tectum
and cerebellum after optic nerve injury. In vitro analysis of brain cells of trout showed that suspension cells
compared with monolayer cells retain higher proliferative activity, as evidenced by PCNA immunolabeling.
Phase contrast observation showed mitosis in individual cells and the formation of neurospheres which
gradually increased during 1-4 days of culture. The present findings suggest that trout can be used as a
novel model for studying neuronal regeneration.
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Introduction

It is known that among vertebrates, fishes are able to effec-
tively rebuild the structure of cells and fibers after central
nervous system injury. This concerns both the ability to re-
store the number of damaged cells through the production
of new cells in the matrix areas and neurogenic niches of the
brain, and the ability to restore the structure of the axons of
injured neurons. However, there are only little data available
on how repair process is related to neurogenesis in the adult
brain (Kishimoto et al., 2012), and what elements of the pro-
liferative areas of the brain are involved in fish reparative neu-
rogenesis. In order to address this issue, we investigated the
changes in the cellular composition of the proliferative areas
of the brain in response to damaging effects of the eyes (me-
chanical damage to the retina and optic nerve) in adult trout.
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Optic nerve injury often induces massive nerve cell death
and irreversible visual functional impairment in mammals,
such as cat (Watanabe et al., 2001), rabbit (Germain et al.,
2004), and mouse (Bonfanti et al., 1996). Lower vertebrates,
like zebrafish (Zou et al., 2013), Rana pipiens (Scalia et al.,
1985) and Litoria moorei (Humphrey and Beazley, 1985),
however, can recover visual function due to survival of ret-
inal ganglion cells (RGCs). In goldfish, about 90% of RGCs
survive and rapidly regrow axons to the optic tectum about
2 weeks after axotomy (Rodger et al., 2005). Fish has excel-
lent potential to regenerate RGC axon to the optic tectum
within 5 days after optic nerve crush (Wyatt et al., 2010).
It can restore visual function, compared with 16 weeks for
sunfish (Callahan and Mensinger, 2007), 30-50 days for
goldfish (Kato et al., 1999) and 40 days for cichlid (Mack,
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2007). However, whether RGC survival or neurogenesis is
required for visual functional recovery is still a matter of
controversy (McCurley and Callard, 2010; Kishimoto et al.,
2012). The regenerative ability of the adult brain requires a
series of coordinated cellular processes: neuronal progeni-
tor cell proliferation and migration to injury sites, neuronal
differentiation, cell survival, and the integration of the new
neurons into existing neural circuits. However, the regenera-
tion efficiency of neurons in the injured mammalian brain is
extremely low (Arvidsson et al., 2002). In contrast to mam-
mals, the adult central nervous system (CNS) of teleost fish
exhibits a high capacity for neuronal regeneration after inju-
ry (Zupanc and Sirbulescu, 2013). Thus, comparative studies
in zebrafish and mammals should reveal both general and
divergent properties of adult neurogenesis.

Here, to investigate the cellular aspects underlying the
strong ability of fish to undergo neuronal regeneration, we
developed a trout model of adult stab wound injury of eye
and optic nerve. Using this model, we tried to reveal a series
of regenerative processes in the injured optic nerve and some
integration centers of the brain: the optic tectum and the
cerebellum. We studied the proliferation of endogenous neu-
ronal progenitor cells in the tectal and cerebellar proliferative
zones, the migration of neuronal progenitor cells from the
cerebellar matrix proliferative zones towards the injury site,
and the proliferative activity of different types of cells both in
terms of adult neurogenesis and neurogenic niches. We exam-
ined apoptosis in the optic nerve of adult trout (Oncorhyn-
chus mykiss) 2 days after injury followed by the proliferative
response of cells in the optic nerve and brain integration cen-
ters (the optic tectum and the cerebellum) after stab wound
injury to the eye. Using morphological analysis and quan-
tification of proportion of proliferating cell nuclear antigen
(PCNA)-immunopositive (ip) cells in control and damaged
fish, dorsal matrix zone of trout cerebellum and optic tec-
tum was characterized at 1 week after injury of eye. Primary
culture of nerve cells from adult trout’s brain was established
to study the properties of cells in the CNS of adult trout and
their proliferative potential in vitro. After 4 days of culture,
immunohistochemical staining was performed to analyze the
proliferative potential of cells in the brain of adult trout. This
study was designed to investigate whether adult trout can be
used as a novel model for studying neuronal regeneration.

Materials and Methods

Animals

Twenty adult male trout, aged 12—-18 months, with body
length of 27-36 cm, weighing 271-350 g, were obtained from
Ryasan local breeding hatchery, Russia. Trout were raised at
15-17°C with a 14/10-hour light/dark cycle and had a diet
once a day. All animal manipulations were conducted in
strict accordance with the guidelines and regulations formu-
lated by the Institute of Marine Biology FEB RAS (IMB FEB
RAS), Animal Resources Center and Institutional Animal
Care and Use Committee, Vladivostok, Russia. The protocol
was approved by the Committee on the Ethics of Animal Ex-
periments of the IMB, Vladivostok, Russia.

Immunohistochemical analysis of trout brain and optic
nerve injury

Adult trout were anesthetized with tricaine methane-sulfon-
ate (MS-222, Sigma, St. Louis, MO, USA). The cranial cavity
of the immobilized fish was perfused with 0.1 M PBS (pH 7.2)
containing 4% paraformaldehyde (PFA) solution via a sy-
ringe. After prefixation, the brain was removed from the cra-
nial cavity and fixed at 4°C for 2 hours in the same solution.
Then, the brain was washed five times in 30% sucrose solu-
tion at 4°C during 48 hours. Serial frontal transverse brain
sections (50 um thick) of the trout were made using a freezing
microtome (Cryo-Star HM 560 MV, Carl Zeiss, Germany).

Optic nerve injury

A sterile 50-gauge needle was inserted into the right eyes
of trout to create a 1-cm-deep stab wound. The cornea and
mucous membrane, the lens, and the retina were damaged.
Using a 50-gauze needle (Carl Zeiss, Oberkochen, Germa-
ny), we mechanically destroyed the optic nerve head. Figure
1 depicts morphological structure and cell apoptosis in the
damaged optic nerve. As a result of traumatic effects, the
central part of the retina, retinal pigment epithelium, and
the optic nerve head with adjacent muscle fiber were de-
stroyed. Contralateral eyes and optic nerve were used as con-
trols. After optic nerve injury, the animals were put into fresh
water to recover. Proliferating cell nuclear antigen (PCNA)
labeling of optic nerve in the tectum and cerebellum of trout
was conducted 1 week after optic nerve injury. The number
of PCNA-ip cells in the cerebellum was compared between
the optic nerve injured animals and intact animals.

Immunocytochemistry

Immunohistochemical staining (ABC kit) was performed to
investigate the proliferative activity of cells in optic nerves
and brain of trout after optic nerve injury. PCNA was iden-
tified using the standard streptavidin-biotin-peroxidase
labeling on free-floating sections. The sections of brain and
optic nerve were incubated with mouse anti-PCNA antibody
(PC10) (Novus Biologicals, Littleton, CO, USA; 1:3,000) at
4°C for 2 days. For visualization of immunohistochemical
labeling, a Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) was used. For identification of the
reaction products, the substrates of red color (VIP Substrate
Kit, Vector Labs, Burlingame, CA, USA) was used. The stain-
ing process was controlled under an Axiovert 200M micro-
scope (Carl Zeiss Microlmaging, Gottingen, Germany). The
sections were rinsed with water, mounted on slides, dehy-
drated according to the standard protocol, and embedded in
medium BioOptica (Milano, Italy).

Negative control was used to evaluate the specificity of im-
munohistochemical reaction. Brain sections were incubated
for 1 day with 1% nonimmune horse serum rather than pri-
mary antibodies and then stained as described above. In all
negative control experiments, no immunoreactions occurred.

TUNEL labeling
To reveal apoptotic cells in the optic nerve of trout, we used
a technique for immunoperoxidase labeling of fragmented
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DNA chains, called terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL). After 2-hour fixation in
4% paraformaldehyde based on 0.1 M phosphate buffer (pH
7.2), dissected parts of the optic nerve were washed for 24
hours in 0.1 M phosphate buffer. Then, these samples were
put in 30% sucrose solution based on phosphate buffer (0.1
M) for cryoprotection. Horizontal slices (50 pm thick) were
prepared using a freezing microtome (Cryo-star HM 560
MV). To identify TUNEL-positive structures, we used an im-
munoperoxidase identification system, ApopTag Peroxidase
In Situ Apoptosis Detection Kit (Chemicon International
Inc., Temecula, CA, USA). For blocking endogenous per-
oxidase, the slices were incubated in 1% hydrogen peroxide
for 3 minutes and then washed twice for 5 minutes each in
phosphate buffer. The slices were covered with a smoothing
buffer (75 puL) and kept for 10 seconds at room temperature.
Then the slices were slightly dried, subjected to the action of
TdT enzyme (55 uL/5 cm®), incubated in a humidity cham-
ber for 1 hour at 37°C, and immersed in a blocking buffer
for 10 minutes. The slices were washed in phosphate buffer
at room temperature three times for 1 minute each, again
dried, covered with antidioxygenin conjugate (65 pL/5 cm®),
and incubated in a humidity chamber for 30 minutes. To de-
tect the reaction products, cerebral slices were incubated in
the substrate for identification of peroxidase (VIP Substrate
Kit; Vector Labs, Burlingame, CA, USA) with control of
color development under a microscope, washed three times
with phosphate buffer, and mounted on glass slides. The cell
nuclei were finally stained with methyl green according to
the technique of Brasher (Merkulov, 1969). The preparations
obtained were dehydrated using a conventional technique
and embedded in medium BioOptica (Milano, Italy). Mea-
surements were made at 400X magnification in five random-
ly selected fields of view for each area of research. Prolifer-
ation index (PI) and apoptotic index (Al) were determined
per 1 mm” of the slice by the following equations:

Number of PCNA-ip cells X 100%

PI=
Total number of nuclei
A Number of TUNEL-positive cells X 100%
- Total number of nuclei
Primary culture

Five trout, Oncorhynchus mykiss were used in this experiment.
The fishes were sacrificed by decapitation and the brain was
dissected out aseptically by swabbing the area of interest with
70% alcohol, prior to dissection. The dissected brain and spi-
nal cord were washed in sterile PBS. The tissues were minced
with a scalpel into the smallest possible pieces, transferred
to a 15 mL sterile tube and washed thrice with PBS. In each
wash, the pieces were allowed to settle down and the superna-
tant was discarded. The tissues were then treated with trypsin
(0.25% and 0.025%) and collagenase (28U and 56U) and
incubated in water bath for 28°C for 15 minutes (sometimes,
a second round of trypsinization was also required to achieve
complete disaggregation of the tissues). The trypsinized tis-
sues were transferred to a 50 mL sterile tube and suspended in
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a complete growth medium (five times to the volume of the
trypsin used): Leibovitz’s L-15 medium containing 10% fetal
bovine serum and 0.4% (v/v) penicillin/streptomycin anti-
biotic cocktail (Gibco, Gaithersburg, MD, USA/Invitrogen,
Carlsbad, CA, USA).

The pieces were disaggregated so as to become single cell
suspension. The resulting suspension was allowed to stay
in the centrifuge tube for 5 minutes, followed by careful as-
piration of the floating cell clumps with the aid of pipette.
The suspension was centrifuged at 200 X g for 5 minutes, the
supernatant was discarded and the pellet was re-suspended
in the complete L-15 medium (Gibco, Invitrogen, NY, USA).
The resulting cell suspensions from the brain were seeded in
the small specially coated duplex dishes and maintained in
an incubator at 28°C for 3—4 days for further proliferation
and differentiation. The cells were monitored daily and ob-
served under the motorized inverted microscope (Axiovert
200 M, Carl Zeiss, Gottingen, Germany).

Immunocytochemistry of primary culture

To investigate the proliferative properties of the central ner-
vous system of adult trout, in vitro culture of primary brain
cells was performed, followed by cell culture for 4 days and
PCNA expression analysis by immunocytochemical labeling
evaluation in cell culture. After 4 days in culture, the cells from
brain and spinal cord were processed for immunocytochemis-
try as per the standard protocol. The suspension and adherent
cells (monolayer cells) were processed separately. Briefly, cells
grown in suspension were pelleted at 250 X ¢ for 5 minutes.
Cells in a duplex dish (monolayer population) and suspension
fraction were fixed with 4% paraformaldehyde dissolved in
phosphate buffer (0.1 M, pH 7.2) for 30 minutes at room tem-
perature. They were washed gently with a stream of PBS. For
the inactivation of endogenous peroxidase by an accelerated
quenching procedure, cells were incubated with 3% hydrogen
peroxide in water for 3-5 minutes and gently washed by PBS.
To reduce the background staining, cells were incubated with
1% normal serum in PBS. Thereafter, cells were incubated
with primary monoclonal antibody against PCNA (Santa
Cruz Biotechnology, Santa Cruz, CA, USA; 1:200) for 1 hour
at 37°C, followed by a gentle wash with PBS. They were incu-
bated for 10 minutes with diluted affinity-purified biotinylat-
ed secondary antibody (Vectastain Elite ABC kit, Vector Labs,
Burlingame, CA, USA) and washed by PBS. Cells were incu-
bated for 5 minutes with Vectastain Elite ABC reagent (Vector
Labs, Burlingame, CA, USA) and washed by PBS. Then cells
were incubated in peroxidase substrate solution in PBS until
stain intensity developed, and washed in PBS. The microscopic
analysis was done in duplex dishes under Zeiss Axiovert in-
verted 200 M microscope (Carl Zeiss, Germany).

Cells from a suspension population were treated with a
similar procedure on the poly-L-lysine coated glass slides.
After above mentioned procedure of immunocytochemical
labeling, cells from suspension fraction were incubated
with peroxidase substrate solution for 10 minutes. To iden-
tify the reaction products, the slices were incubated in a
substrate for detection of peroxidase (VIP Substrate Kit;
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Vector Laboratories, Burlingame, CA, USA); the process of
staining was controlled under a microscope. Then, the glasses
were washed by three changes of phosphate buffer, dried at
room temperature, dehydrated using a standard technique,
and embedded in medium BioOptica (Milano, Italy). To es-
timate the specificity of the immunocytochemical reaction,
a negative control was used. The cells were incubated in a
medium containing 1% nonimmune horse serum (instead of
primary antibodies) for 2 hours, and then all procedures were
performed as described above. In all negative control experi-
ments, the immunopositivity in the studied cells was absent.

Statistical analysis

For quantitative analyses, all PCNA-ip cells in the tectum
opticum and cerebellum were counted under a 40x objective
lens using an Axiovert 200 M microscope (Carl Zeiss Micro-
Imaging, Gottingen, Germany). Densitometric investigation
of the optical density (OD) of immunolabeled cells was
performed using software AxioVision. The OD of immu-
noprecipitate marked cells was studied on the samples from
50-100 cells. Data are expressed as the mean + SEM and
were analyzed with analysis of variance followed by post hoc
Tukey’s tests unless otherwise stated. P values < 0.05 were
considered to be statistically significant. On the basis of mor-
phometric analysis, we allocated five morphological types of
cells in accordance with generally accepted neurohistological
classification: type L: cells with diameters more than 40 um;
type II: cells with diameters ranging from 20 to 40 um; type
I cells with diameters ranging from 15 to 20 pum; type IV:
cells with diameters ranging from 10-15 um; and type V:
cells with diameters less than 10 pm. Morphometric param-
eters and the correlations between some of the parameters
were analyzed by Microsoft Excel 2010 (Microsoft Office
Professional E435-2642, Moscow, Russian Federation).

Results

Cellular response in the optic nerve after injury
Morphological structure and cell apoptosis in the trout optic
nerve 2 days after injury: Some morphological characteristics
of the injured (ipsilateral) and non-injured (contralateral)
trout optic nerves were observed after stab wound of the
eye. The morphological structure of trout optic nerve on
the contralateral side is shown in Figure 1A. In accordance
with morphological criteria, four types of cells in damaged
and normal optic nerves were identified. The cells were cat-
egorized into four types depending upon the size of their
diameters (Table 1). On the contralateral side, the average
number of cells per 400-fold field was 54.5 + 3.5, whereas
average apoptotic index was 4.35%.

Solitary TUNEL-labeled bodies in the form of small gran-
ules of different sizes and dense apoptotic bodies were ob-
served on the contralateral side (Figure 1B). In our studies,
TUNEL-positive cells with DNA fragmentation are shown in
Figure 1B-E. After mechanical damage to the eye, distribu-
tion of TUNEL-positive elements in the optic nerve was un-
even. TUNEL-positive cells were distributed on the damaged
side and the number of TUNEL-positive cells was highest in

the area of injury (Figure 1D). Intense peroxidase labeling
of the nuclei of apoptotic cells shows signs of DNA fragmen-
tation. Dark peroxidase labeled granules (apoptotic bodies)
sometimes formed homogeneous conglomerates (Figure
1D, E). These structures were located at the site of the nu-
cleus, evenly distributed in the cytoplasm, either shifted to
the cytoplasmic membrane or grouped with one of the poles
of the cell soma. For TUNEL-positive cells characterized by
the presence of intact cell membrane around them with no
foci of inflammatory infiltration, they sometimes exhibit an
intense labeling of fibers in the optic nerve (Figure 1F). This
effect arises from the rupture of karyolemma of the major
damaged retinal cells, TUNEL-labeled fragmentation of
chromatin in the cytoplasm, followed by its spread to some
distance as a result of anterograde transport.

At 2 days after injury, we found that there were a large
number of type I and type II cells that migrated on the ip-
silateral side (Figure 1C). These cells formed longitudinal
migratory flows (Figure 1C), surrounded by type III cells,
and the number of which was also significantly increased.
The average number of cells on the ipsilateral side was 2.28
fold greater than that on the contralateral one. The number
of cells on the ipsilateral and contralateral sides was 54.5 and
124.5 per visual field, respectively (Figure 1H).

Along with the patterns of cell migration on the ipsilateral
side, we observed massive accumulation of apoptotic bodies
and numerous TUNEL-labeled cells (Figure 1D, H). The
average sizes of nuclei stained with methyl green in regions
of localization of TUNEL-labeled cells on the ipsilateral and
contralateral sides were 5.3 + 0.7 / 3.9 £ 0.5 pm respectively
and the average size of apoptotic bodies were 5.9 £ 0.9 / 3.9
+ 0.5 pm respectively. The average number of apoptotic bod-
ies per visual field on the contralateral and ipsilateral sides
was 2.5/22.5 elements, respectively (Figure 1H). Patterns of
cell degranulation representing the earlier stages of the apop-
totic process and TUNEL-labeled fragments of degranulated
chromatin were detected along with apoptotic crescents-like
bodies (Figure 1E). A significantly increased number of cells
were observed in the regions separating the individual fiber
optic bundles — mesaxones (epineurium) (Figure 1F). In
these regions, we also observed TUNEL-labeled apoptotic
cells (Figure 1F). Along with the TUNEL-labeled cells on the
ipsilateral side, portions of TUNEL-labeled fibers (Figure
1G) were observed. The ratio of apoptotic indices on contra-
lateral and ipsilateral sides at 2 days after mechanical injury
was 4.3/25.7%, respectively (Figure 1I).

Localization of PCNA in damaged optic nerve of trout 1
week after injury

To evaluate cell proliferative activity in the injured optic
nerve, PCNA immunolabeling was performed at 1 week
after injury. High cell proliferative activity was observed
in the ipsilateral optic nerve (Figure 2A). Types I, III and
IV cells were identified among PCNA-ip cells, and PCNA
was also localized in type I migrating cells (Figure 2A, B).
The staining intensity of PCNA was different in different
types of cells (Figure 2A, B). PCNA-ip cells were unevenly
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Figure 1 Morphological structure and apoptosis in the optic nerve of trout Oncorhynchus mykiss.

(A) General view of the contralateral optic nerve. (B) Cells (black arrows) and TUNEL-labeled granules (red arrow) in the contralateral nerve. (C)
Patterns of cell migration (type I cells shown by black arrows, type II cells — red arrows, apoptotic bodies - yellow arrows) in the ipsilateral optic
nerve. (D) Accumulation of apoptotic bodies (yellow arrows) in the proximal ipsilateral optic nerve. (E) A large cluster of types III and IV cells (red
arrows) in mesaxons of ipsilateral optic nerve, red arrows indicate the different types of TUNEL-labeled elements. (F) General view of the proximal
portion of the ipsilateral optic nerve, white arrows show type I migrating cells, and black arrows indicate TUNEL-labeled apoptotic bodies. (G)
TUNEL-labeled fibers in the proximal ipsilateral optic nerve (red arrows). Immunoperoxidase TUNEL labeling in combination with methyl green
staining. Scale bars: 200 pm (A) and 50 pm (B-G). (H) The number of cells stained with methyl green and TUNEL-labeled cells (mean = SEM) per
visual field in contralateral and ipsilateral nerves (n = 5 in each group; #P < 0.05, ##P < 0.001, vs. ipsilateral and contralateral nerves). (I) Number
of TUNEL-labeled elements per visual field in the contralateral and ipsilateral nerves; post hoc Tukey’s test was used to determine significant differ-
ences in contralateral and ipsilateral nerves.
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Figure 2 Localization of proliferative cell nuclear antigen (PCNA) in damaged optic nerve of trout 1 week after optic nerve injury.

(A) Clusters of intensely labeled type II and III cells (contoured by oval) in the deep layers of the damaged optic nerve. (B) Accumulation of im-
munopositive type I cells (contoured by square) in the surface layers of the damaged nerve, a red asterisk here and in figure D shows cells where
mitosis was finished. (C) Migratory stream of moderately labeled cells in the superficial layers of optic nerve (shown by black arrows). (D) Strat-
ification of migrating and moderately PCNA-labeled type I cells (indicated by black arrows) and highly immunopositive type IV cells (contoured
by square), the area of migration is limited by dotted lines. Scale bars: 50 pm for A-D. (E) Number of TUNEL', PCNA-immunopositive (PCNA")
elements and cells stained by methyl green per visual field in damaged nerve (= 5 in each group; #P < 0.05). (F) Number of PCNA" cells of types
I-1V in damaged optic nerve (mean + SEM). (G) Optical density of PCNA immunolabeling in cells of types I-IV in damaged optic nerve (mean *
SEM). (H) Number of PCNA" cells in contralateral and ipsilateral nerves per 400-fold visual field; post hoc Tukey’s test was used to determine sig-
nificant differences in contralateral and ipsilateral nerves (7 =5 in each group; #P < 0.05).

distributed, and types III and IV cells often accumulated
locally (Figure 2A) and type II cells also formed a zone with
increased PCNA staining (Figure 2B). Type III migrating
cells arranged into longitudinal rows in each layer of super-
ficial optic nerve fiber (Figure 2B). In this case, some cells
had clearly distinguishable PCNA-negative central area, and
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PCNA activity was high (Figure 2C). However, in some
cases it was possible to divide the layers containing a large
amount of PCNA-ip type I cells, form a surface migration
flows and the deeper layers of the optic nerve, containing
type IV PCNA-ip cells (Figure 2D). The ratio of PCNA-ip
cells to apoptotic cells per visual field is shown in Figure
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Figure 3 Localization of proliferative cells nuclear antigen (PCNA) in trout cerebellum 1 week after optic nerve injury.

(A) PCNA-immunopositive (PCNA") cells in the cerebellar dorsal matrix zone (DMZ) (delineated by a solid line), the accumulation of PCNA-im-
munonegative (PCNA") cells under the DMZ delineated by the dotted line, yellow arrows show intensively labeled oval cells in the granular layer
(GrL), red arrows show rod-shaped migrating cells. (B) Dorsal part of the molecular layer (ML) of the cerebellum. Accumulation of PCNA™ cells is
delineated by circle, black arrows indicate the PCNA™ tangentially migrating cells, red arrows point to PCNA™ small round cells, white arrows indi-
cate weakly labeled radially migrating cells, and NN represents neurogenic niche. PCNA" cells in the cerebellar DMZ are delineated by dotted line. (C)
Cellular composition of DMZ. Type I cells are shown by red arrows, type II cells by yellow arrows, type III cells by blue arrows, and type IV cells
by white arrows. (D) Ventral part of cerebellar body. Black arrows show PCNA" cells in molecular (ML), ganglionic (GL) and granular layers. (E)
Infraganglionic plexus (IFGP) in dorsal part of the cerebellum. Blue arrows show the PCNA" cells in IFGS, red arrows point to PCNA™ cells in GrL,
ovals delineate a cluster of PCNA" cells in the granular layer. (F) Fragment of ganglionic layer containing neurogenic niche (contoured by square).
Peroxidase PCNA immunolabeling on transversal brain sections in situ. Scale bars: 100 pm (A, B, D) and 50 pm (C, E, F). (G) Optical density of
PCNA labeling in types I-1V cells in cerebellar DMZ (mean + SEM). (H) Number of PCNA" types I-IV cells in cerebellar DMZ; Student’s t-test
was used to determine significant differences in control animals and animals after injury (# = 5 in each group; *P < 0.05, **P < 0.001, vs. control
group). UOD: Units of optical density.
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Figure 4 Localization of proliferative cell nuclear antigen (PCNA) in the potic tectum of trout 1 week after optic nerve injury.

(A) General view of optic tectum. Black arrows show PCNA-immunopositive (PCNA") cells of radial glia, blue arrows show PCNA" cells in deep
layers, red arrows point to PCNA-immunonegative (PCNA") cells. (B) Radial glia (contoured by square) in stratum marginale (SM) of optic tec-
tum. SO: Stratum opticum. (C) PCNA" radial glia (white arrows) and PCNA" cells (red arrows) at high magnification. (D) PCNA" cells (red arrows)
in stratum griseum et album superficiale (SGAS), stratum griseum centrale (SGC), stratum album centrale (SAC), PCNA™ cells (black arrows); cell
cluster forming the neurogenic niche is contoured by oval. (E) Number of PCNA" elements: radial glial cells and immunopositive cells in the deep
layers of optic tectum. Tukey’s post-hoc test was used to determine significant differences in radial glia cells and immunopositive cells in deep lay-
ers. Error bars represent SEM (n = 5; #P < 0.05). (F) Optical density of PCNA-labeling in radial glia and cells in deep layers of optic tectum (mean
+ SEM). UOD: Units of optical density.

2F. The proportion of PCNA-immunonegative (in) cells  that on the ipsilateral side (P < 0.05; Figure 2H), and on the

in types I-IV cells is shown in Figure 2F The densitometric
data of PCNA immunolabeling for cells of each type are
shown in the diagram (Figure 2G). In types I-IV cells, we
observed a wide range of OD in PCNA immunolabeling (Ta-
ble 1). At 1 week after injury, the ratio of PCNA-ip cells on
the contralateral optic nerve was significantly different from

ipsilateral side, we observed more than 3 fold increase in the
proliferative activity of cells.

Cellular response in the trout brain 1 week after optic
nerve injury
At 1 week after optic nerve injury, the proliferative activity of
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Table 1 Morphological parameters (mean + SEM) and optical density of proliferating cell nuclear antigen-immunopositive (PCNA") optic

nerve cells after stab wound injury of trout eyes

Optical density of PCNA" cells (units of optical density)

Cell type Large diameter (um) Small diameter (pm) Min. Max.
I (large) 12.1+0.8 5+0.4

II (elongated)  8.4%0.2 4.2+ 0.5 108 124
III (round) 8.6+0.3 6.1+0.3 107 118
IV (small) 6.910.06 5+0.02 97 120

Table 2 Parameters of trout brain cells (mean + SEM) in suspension and conglomerates after 1 and 2 days of culture (according to classification

of Arevalo et al. (1995)).

1 day suspension 1 day conglomerates

2 day suspension 2 day conglomerate

Percentage Percentage Percentage Percentage
Cell type  Size of cells (um) (%) Size of cells (um) (%) Size of cells (um) (%) Size of cells (pm) (%)
II 25.6+4.6/24.4+4.7 12.3 21.5+2.6/16.7+1.3 4.7 21.7+0.8/20.5+1.7 5.4 22.3%£2.9/21.6+£2.6 5.7
I 17.3£1.7/16+2.3  16.4 16.3£1.3/15.2+2.5 19 16.8+1.2/15.7+1.3 17.8 16.2+1.3/14.5£0.8 27.6
v 12.3£1.3/11.3£1.5 58.7 12.3£1.4/11£0.9  23.8 12.5+1.5/11.3£1.6 52 11.1£1.3/10+1.3  27.8
v 8.9+0./8.1+0.8 12.3 7.6+£1/6.9%1 52.3 8.4+1.2/7.8+1.4 24.6 8.3+1.1/7.6+1.3 38.8

cells in the cerebellum and the optic tectum was determined
by PCNA immunoreactivity on histological brain sections.

Localization of PCNA in the cerebellum

PCNA immunoreactivity was found in the dorsal and
ventral area of cerebellar body. In the dorsomedial region
of the cerebellum, we observed large clusters of PCNA-ip
cells forming dorsal matrix zone (Figure 3A). In the dorsal
matrix zone, a lot of cells migrated in radial and tangen-
tial modes (Figure 3B). At the dorsal level of molecular
layer, radially migrating cells were dominated; at the su-
perficial level of molecular layer, we identified tangentially
migrating cells (Figure 3B). High-density distribution of
PCNA-in cells was observed near the PCNA-ip cells in the
dorsal matrix zone (Figure 3B). Such accumulation of PC-
NA-ip cells with irregular shape was also observed directly
under the dorsal matrix zone (Figure 3C). We believe that
this cell formation is a regional neurogenic niche, formed
as a result of traumatic exposure. In the molecular layer of
the dorsomedial part of cerebellar body, we also observed
round PCNA-in cells. The density of their distribution in-
creased in the dorsal direction (Figure 3B). PCNA-ip cells
in the dorsal matrix zone included highly labeled oval cells
(perikaryon size 8.3 + 0.9/6.4 £ 1.4 um) and elongated,
fusiform and/or rod-shaped cells (soma size 10.5 + 0.5/ 6.9
+ 1.2 pm) (Figure 3C). In the cerebellar ventral region, the
concentration of PCNA-ip cells was much lower (Figure
3D). Separate PCNA-immunopositive parenchymal cells
were identified in the molecular layer (Figure 3D). In the
superficial area of the granular layer we observed single
small accumulation of PCNA-ip parenchymal cells, whose
size was 7.4 £ 1.6 / 5.7 £ 0.9 pm. PCNA-ip cells were often
found among granular cells. From dorsal side of granular
layer, the number of PCNA-ip cells was much higher (Fig-
ure 3D). In the infraganglionic plexus, small parenchymal
PCNA-ip cells were found (Figure 3E). Sometimes, small
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clusters of both PCNA-ip and -in cells were also identified
in the territory of infraganglionic plexus (Figure 3F). We
believe that these clusters represent regional neurogenic
niches, proliferative activity in which was induced by me-
chanical trauma. Data about OD of PCNA labeling of dif-
ferent cell types in the dorsal matrix zone and quantifying
PCNA-ip cells in the cerebellum are shown in Figure 3G, H.
The OD of immuno-labeling after damage increases slight-
ly in all cell types (Figure 3G). At 1 week after mechanical
damage, the number of PCNA-labeled types I, II and IV
cells in the dorsal matrix zone was significantly increased
compared with controls (P < 0.05) and the increase in type
IIT cells was highly significant (P < 0.001; Figure 3H).

Localization of PCNA in the optic tectum

After mechanical eye injury in an adult trout, numerous im-
munopositive cells were observed in the stratum griseum et
album superficiale (SGAS), stratum griseum centrale (SGC),
stratum album centrale (SAC), and stratum griseum periven-
triculare (SPV; Figure 4A, D). The sizes of PCNA-ip cells
ranged from 6.2/3.4 pm (minimal) to 9.5/6.1 pm (maximal).
The average size of PCNA-ip cells was 7.8 £ 1.1 /4.9 £ 0.9
pum. In stratum marginale of tectum, PCNA-ip radial glial
cells were identified (Figure 4A, B), the sizes of bodies in ra-
dial glia cells ranged from 6.7/5.1 pm (minimal) to 9.5/8 pm
(maximal). The average size of PCNA-ip radial glia cells was
8.4 £ 1.2/6.1 £ 1.3 um. The density of PCNA- immunopos-
itive radial glia was relatively low and it was 33 + 7 cells per
visual field at 400-fold magnification (Figure 4C). The ratio
of PCNA-ip radial glia in marginal layer and cells in the in-
ner layers of the optic tectum are shown in Figure 4E. The
OD of PCNA labeling in radial glial cells was varied: highly
immunolabeled cells had 114.5 OD units and less intensely
labeled cells had 104.4 OD units. In the deep layers of the
optic tectum, the level of OD in PCNA-ip cells was higher
than that in radial glia (Figure 4F). The maximal level of
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PCNA labeling in cells of the optic tectum was 127.7 OD
units , and the minimal was 116.2 OD units .

Evaluation of proliferative potential of trout brain cells in
vitro
During culture, small fractions of cells adhered on the sur-
face of culture dish and formed a monolayer fraction. Some
of these cells began to form outgrowths (Figure 5A). The
greater proportion of the cells remained in suspension (Fig-
ure 5B-D). Investigation of the cells in suspension revealed
that pretreatment of brain cells with trypsin or collagenase in
different modes and conglomerates tended to form (Figure
5C, D). Analysis of the cellular composition of conglomer-
ates revealed that some of them were composed of isometric
elements, which may be the descendants of a single cell and
therefore represent typical neurospheres (Figure 5E). Other
types of conglomerates were composed of heteromorphic el-
ements and were apparently formed for the second time after
changes in the surface properties and the adhesiveness of cells
during preparation of the primary cultures (Figure 5F). The
suspension fractions contained types II-V cells, according to
above-described classification. Parameters of cells in suspen-
sion and conglomerates during 1-2 days of culture are shown
in Table 2. Morphometric analysis of cell conglomerates as
observed in suspension showed that the average size of these
conglomerates was 42.7 £ 13.7 / 28.9 + 9.2 um after 1 day of
culture. After analyzing the cellular composition of conglom-
erates, we found that the predominant cell types are small
type V cells (Table 2). Mitosis was observed after 1 day of cul-
ture, and the average size of cells in mitosis was 16.6 = 0.4 / 8.8
+ 0.2 um. Mitosis was detected in type V isometric cells, with
a diameter of about 8 pm. On the second day of culture, the
ratio between the fraction of cells in suspension and the cells
in the conglomerate differed from that on the first day.
Parameters of cells of different types in a suspension and
conglomerates fractions are shown in Table 2. The average
size of cell conglomerates on the 2™ day of culture was 50.7
+ 14.3 / 36 + 10.3 pm. The number of different types of cells
in conglomerates in suspension after 1-2 days of culture is
shown in Figure 5G. A few type V cells with the diameter of
7.8 +2.1/7.3 + 2.1 um formed a monolayer. On the 4™ day
of culture, the typical neurospheres with diameters ranging
from 23.04 / 20.74 pm to 72.09 / 55.75 um were composed
of type V isometric cells (Figure 5E). All cells in the neuro-
spheres were of round shape with the same diameter of the
transparent light cytoplasm (Figure 5E). The average diame-
ter of neurospheres was 45.49 + 16.8 / 33.3 + 10.3 pm. Along
with neurospheres, we also observed heterogeneous cell ag-
gregates, which were present in the composition of one type
IT or type III large cell and several type IV or type V small
cells (Figure 5E) in suspension fractions. Such conglomer-
ates were considered as temporary cell clusters, which along
with transparent living cells had dark dead cells. During this
period, in monolayer, we also identified single cells (size 12.7/
11.8 pm) without outgrowths. Type IV cells with the diame-
ter of 11.3 £ 0.3/ 10.1 £ 0.6 um and a few large type II cells
with the diameter of 24.7 pum were observed in suspension.

Evaluation of proliferative activity in suspension fraction
of trout brain cells

After 4 days of culture, cells in the brain of trout were ana-
lyzed for immunoperoxidase labeling of PCNA. The results
of immunohistochemical labeling showed that PCNA-im-
munopositivity was present in type IV and type V cells
(Figure 6A, B). Type V PCNA-ip cells, accounting for 84.7%,
had a diameter of 6.9 + 1.5/ 5.8 + 1.3 um and type V cells,
accounting for 15.3%, had a diameter of 11.6 £ 1.1/9.2 £ 1.7
pm. Among type V cells, we identified a small subpopulation
of cells with a diameter less than 6 pm and the average di-
ameter of these cells was 5.2 £ 0.4 / 4.7 £ 0.4 pm. These cells
accounted for one third of all type V cells (Figure 6C). Most
of small type IV and V cells had two levels of PCNA immu-
noreactivity: the high level with the OD of immnolabeled
precipitates in cells being 146,6 + 5,7 OD units and the low
level with the OD of immnolabeled precipitates in cells being
123.4 £ 8.2 OD units (Figure 6D). Strong PCNA activity was
detected in cells with the diameter of 8.3 / 7.8 pm; frequency
of densely labeled cells per visual field was low and account-
ed for no more than 5-6 elements (Figure 6A). Occasionally,
we encountered PCNA-ip small cell clusters, which consisted
of 2-3 cells and were densely labeled, and the remaining cells
were less intensely labeled (Figure 6B). In small type V cells,
the level of optical density was 118.8 £ 3.7 OD units.

Discussion
Proliferation and apoptosis of cells in the trout optic nerve
after optic nerve injury
We detected the apoptosis and proliferative activity of cells
in trout optic nerve after mechanical damage of the eye.
These processes prevailed on the ipsilateral side, since the
number of TUNEL-labeled cells was 6.5 times and the num-
ber of proliferating cells was 2.8 times greater than those on
the contralateral side. The optic nerve is formed by axons of
RGS and glial cells (astrocytes and Schwann cells) and mac-
rophages / microglia, which are activated in response to the
damaging effects. Analysis of morphological parameters of
the cells in the trout’s optic nerve allows distinguishing four
types of cells. After damage to the optic nerve, apoptotic
response was registered, and mass patterns of cell migra-
tion were found. The maximal concentration of apoptotic
bodies was detected in the areas of mass clumps of cells. It is
probably indicative of massive cell death in the area of high
phagocytic activity of macrophages / microglia. Patterns of
cell migration identified on 2 days after injury also indicate
an increase in the cell flow directed to the area of injury. Af-
ter damaging the eyes, we identified the patterns of apopto-
sis equally as the presence of high cell density zones and cell
migration patterns in the optic nerve. We assume that such
areas in optic nerve may correspond to the zones of reactive
gliosis occurring in response to injury. We believe that as a
result of the damaging effects, a heterogeneous cell popula-
tion of optic nerve involving astrocytes, Schwann cells and
resident fibroblastic cells appeared among apoptotic cells.

In studies on goldfish, in the optic nerve of adult fish
Pax2-positive and Pax2-negative cells are present (Parrilla et
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Figure 5 Phase contrast monitoring in
primary culture of trout brain cells.

(A) Cells in monolayer; colored arrows indicate
the different types of cells: big cell (yellow ar-
row), cells with outgrowth (red arrow) and cell
without outgrowth (black arrow). (B) Suspen-
sion fraction of brain cells after 1 day of culture.
Red arrow shows single cells. (C) Suspension
fraction of cells on the 2" day of culture. Ovals
contour cell conglomerates, and red arrows in-
dicate single cells. (D) On the 4" day of culture.
(E) General view of neurospheres. (F) Hetero-
geneous conglomerates of cells in suspension
on the 4™ day of culture. Scale bars: 50 pm (A-D,
F), 10 pm (E). (G) Number of types II-V cells
in suspension after 1-2 days of culture. Tukey’s
post-hoc test was used to determine significant
differences in number of cells (n = 7 in each
group; #P < 0.05, ##P < 0.001). (H) Size of cell
conglomerates after 1, 2 and 4 days of culture
(mean + SEM).
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Figure 6 Proliferative cell nuclear antigen (PCNA) labeling of trout brain cells after 4 days in primary culture.

(A) Highly active PCNA-immunopositive (PCNA") cells (black arrows), moderately active PCNA" cells (red arrows) and PCNA-immunonegative
cells (blue arrows); (B) Conglomerate of highly and moderately labeled PCNA" cells (contoured by oval); arrows represent the same cells as in A.
Scale bars: 50 pm (A, B). (C) Tukey’s post-hoc test was used to determine significant differences in number of PCNA" cells. Error bars represent (mean
+ SEM, #P < 0.05, ##P < 0.001). (D) Optical density of PCNA" cells (mean + SEM).

al., 2009). Pax2 is a well known transcription factor which
participates in optic nerve development. It assures the cor-
rect arrival and package of the newly formed retinal axons
and the adequate differentiation of the newly formed glial
cells. Pax2 protein expression is continuous throughout
adult life in the goldfish optic nerve. It has been proposed
that optic nerve head astrocytes, including Pax2 positive
cells, come from migrating astrocyte precursors of the retina
during development (Chu et al., 2001; Yang and Hernandez,
2003). However, Macdonald et al. (1997) suggested that Pax2
positive cells in the zebrafish optic nerve originate from the
optic stalk cells expressing this transcription factor during
the development.

Double labeling of Pax2 and PCNA in the optic nerve of
goldfish showed that few proliferating Pax2-positive/PC-
NA-positive cells were observed in the optic nerve head. In
the lateral intraorbital zone, these cells were located in the
area that forms a boundary between the photoreceptor seg-
ments and the optic nerve (Parrilla et al., 2009).

After crushing optic nerve in goldfish, a significant in-
crease of Pax2-ip astrocytes was revealed, but pattern of
distribution of Pax2-ip cells was similar to that in control
(Parrilla et al., 2013). In contrast to adult intact goldfishes,
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Zn8-immunolabeling revealed a high amount of regener-
ating axons located in the growing edge close to the optic
chiasm, but also in mature regions of the optical nerve
head. Pax2-ip astrocytes were longitudinally arranged to the
Zn8-positive growing axons from the growing edge (Parrilla
et al., 2013).

According to Parrilla et al. (2013), after crushing the op-
tical nerve in goldfish, during 7 to 60 days after injury, the
number of PCNA"/Pax2" cells significantly increased com-
pared with control. These Pax2'/PCNA" astrocytes were lo-
cated close to the optic chiasm among the RGC axons. Similar
results were obtained after double labeling of PCNA / S100
(Parrilla et al., 2013).

Astrocytes have been shown to play an important role
during the process of regeneration which allows the fish
visual system to completely regenerate, but this does not
occur in mammals (Garcid and Koke, 2009). In teleosts, the
Pax2" astrocyte population and pax2a gene expression are
modified in the optic nerve head after a peripheral growth
zone cryolesion when the regenerating RGC axons reach the
optical nerve head (Parrilla et al., 2013).

Significant progress in the understanding of successful
regeneration after amputation of caudal part of spinal cord
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has been made in the study of electric fish Apteronotus lep-
torhynchus (Zupanc, 2009). In this study, successful recovery
of the lost fragments of the spinal cord along with the am-
putated part of caudal fin has been demonstrated. One of
the initial stages of the repair process after injury is the rapid
destruction of damaged cells by apoptosis. According to
Zupanc (2009), the first apoptotic cells appear in an area of
damage during 5 minutes after injury; and then the number
of apoptotic elements increases gradually, reaching a maxi-
mal level after few hours. On the second day, the number of
apoptotic cells in the spinal cord of A. leptorhynchus is grad-
ually reduced, reaching the background level approximately
after 3 weeks. During this period, only some cells undergo
necrosis. Elimination of damaged cells by apoptosis in fish
brain differs significantly from that in the mammalian brain
(Vajda, 2002). In the mammalian brain, necrosis is the major
type of elimination of damaged cells after injury (Liou et al.,
2003). Apoptosis is also present in a small number of cells
adjacent to the injury area. Necrosis prevails in mammalian
brain and is one of the causes of secondary inflammation in
damage zone (Kerr et al., 1995). This in turn causes a fur-
ther increase in necrotic response and formation of larger
cavities without cells. These cavities are usually limited by
area of reactive astrocytes, creating both mechanical and
biochemical barriers that impede the growth of nerve fibers
and cell migration in the damage zone. In contrast, for the
apoptotic cells, overall compression and condensation of the
nucleus and the formation of vesicles which are then deleted
by macrophages/microglia are the main characteristics (El-
more, 2007). Similar changes in the damaged optic nerve of
trout were observed 2 days after injury. Initially, the number
of phagocytes was negligible in damaged area, but 3 days
after injury the number of macrophages began to increase
in the injury area, and in adjacent areas (Nagamoto-Combs
et al., 2007). These data are entirely consistent with our
observations on the optic nerve of trout. The main effects
of necrosis, associated with inflammation response of the
surrounding tissue are completely absent in apoptosis. Thus,
the prevalence of processes of “clean” cell death for the de-
struction of damaged cells is a critical feature underlying the
regenerative capacity of the adult fish brain.

Investigation of proliferative activity in damaged optic
nerve 1 week after injury showed the presence of large num-
ber of cells in state of proliferation. In optic nerve, areas of
increased cell density contained oval types II and III cells.
Elongated cells, located in the superficial layers of nerve,
were obviously in a state of migration. PCNA labeling allows
identifying the cells, where the expression of additional DNA
polymerase 8 occurs. These cells were in S-phase of mitosis.
PCNA expression in the cells is maintained for 24 hours af-
ter mitosis (Wulliman and Puelles, 1999).

Monitoring of proliferating and migrating cells in dam-
aged optic nerve showed that actively proliferating cells form
restricted areas of increased density of cell distribution, but
migratory cells are typically arranged among superficial optic
fibers. Densitometric analysis of PCNA labeling revealed that
types II and III oval cells have a high OD, whereas OD in type

I large cells and type IV small cells was lower to 22—-30%.

According to Bravo and McDonald Bravo (1987), for the
post-mitotic cells, PCNA labeling is characterized by 30%
reduced activity. This suggests that in damaged optic nerve,
proliferating cells (glial cells) and post-mitotic cells were
present as shown by PCNA labeling, but PCNA activity was
reduced compared with that in cells in the state of prolif-
eration. We assume that the proliferating cells presented by
Schwann cells and/or astrocytes are involved in the forma-
tion of post-traumatic reactive gliosis. However, along with
astrocytes we found large migrating cells, probably belong-
ing to the population of resident macrophages. Types I and
IV small poorly PCNA-labeled cells are elements of microg-
lia. We suggest that types I and IV cells may be elements of
immune system and are mobilized as a result of damaging
effects. Ratio of PCNA-ip cells in contralateral and ipsilateral
trout optic nerve 1 week after injury was significantly differ-
ent. In damaged optic nerve, we found that more than 3-fold
increase of proliferative activity in different types of cells. We
believe that such an increase in volume of cells in the optic
nerve on the ipsilateral side is attributable to the prolifera-
tion of glial cells and microglia and the migration of resident
macrophages of the adjacent connective tissue.

Proliferative response in the trout brain integration
centers after mechanical eye injury

After stab-wound injury, proliferative activity was investigated
in the cerebellum and optic tectum. The optic tectum is known
to be the target of primary retinal projection. After mechanical
eye injury, proliferative activity was found in the cerebellar
dorsal matrix area, as well as in single parenchymal cells locat-
ed in basal part of molecular layer, granular layer and infra-
ganglionic plexus. In this study, we identified PCNA-in clusters
of activated cells in regional neurogenic niches. Proliferative
activity was found in the dorsal matrix zone of cerebellum,
which was described in the cerebellum of zebrafish (Grandel et
al., 2006) and Apteronotus leptorhynchus (Zupanc et al., 2005).
In the brain of zebrafish, during a 30 minute period, about
6,000 cells formed, which correspond to 0.2% of total cells in
the brain (Hinsch and Zupanc, 2007). Quantitative studies on
the cerebellum Apteronotus leptorhynchus showed that during
a 2 hour period, about 100,000 cells formed, which corre-
spond to 0.06% of total brain cells (Zupanc and Horschke,
1995). After traumatic impact, three types of PCNA-ip cells
were found in the trout cerebellum. PCNA-ip cells contained
highly immunoreactive oval cells (116 + 4.5 OD units) and
lowly immunoreactive elongated cells (103 £ 3.2 OD units).
In this study, several populations of intensively PCNA-labeled
cells in different stages of mitosis were found in the dorsal
matrix zone, and less intensely labeled cells were considered
post-mitotic elongated elements, migrating in radial and tan-
gential directions outside from the dorsal matrix zone towards
damaged region. Another population of cells involved in the
proliferative response of the CNS after mechanical damage
represented PCNA-in cell clusters with high cell density. These
cell clusters were observed above and below the dorsal matrix
zone and in the infraganglionic plexus. We assume that these

587



Pushchina EV, et al. / Neural Regeneration Research. 2016;11(4):578-590.

clusters of PCNA-in cells are neurogenic niches activated after
optic nerve injury. These observations are consistent with the
data of Zupanc et al. (1996, 2005). According to Zupanc et al.
(1996, 2005), neural stem cells (NSC) are in specific prolifera-
tive zones “neurogenic niches” located in the molecular layer.
Descendants of proliferated cells migrate along specific routes
in the granular layer, where they are distributed evenly (Can-
dal et al., 2005; Zupanc et al., 2005). The third population is
PCNA-ip cells arranged singly or in small clusters in the lower
one third part of the molecular layer and granular layer.

The optic tectum is another sensory integration center
in the trout brain. Earlier PCNA labeling for identification
of proliferative activity of mesencephalic matrix zones was
revealed in Carassius carassius (Margotta et al., 2002). It was
found that PCNA labeling allows the identification of pat-
terns of distribution of mitotically active cells in the brain
that form morphogenetic fields - the matrix zones. Matrix
zone labeled by PCNA in the mesencephalon, has also been
identified in the adult sturgeon Acipenser shrenkii (Pushchina
and Obukhov, 2011).

After mechanical eye injury in trout, PCNA immunopos-
itivity was detected in radial glial cells, single parenchymal
cells of inner layers and in the periventricular tectal region.
It is known that the populations of radial glia in the brain
of fish are not homogenous and include rapidly and slowly
proliferating cells (Adolf et al., 2006).

We assume that after stab wound injury of trout optic
tectum, proliferative activity was enhanced in slowly prolif-
erating cells in radial glia. This assumption is based on data
from densitometric analysis of PCNA activity in tectal radial
glia cells. Compared with the density distribution of single
parenchymal PCNA-ip cells in the deeper layers of the optic
tectum, the density distribution of PCNA-ip cells in the ra-
dial glia was not high. We believe that after eye injury, only a
part of radial glia population in the optic tectum proliferat-
ed. The OD of radial glia immunolabeling allows allocation
of a few cells with high PCNA activity (114 OD units). We
interpreted these cells as neuronal precursors (Malatesta
et al., 2008) in the state of asymmetric mitosis that was
previously set for radial glia cells (Noctor et al., 2004). An-
other more numerous population of radial glia in the trout
optic tectum had 104 OD units; such cells we considered
as post-mitotic cells. A large cluster of PCNA-ip cells were
detected in the periventricular zone of caudal optic tectum,
also found in other fish species (Extrom et al., 2001; Zupanc
et al., 2005). PCNA immunopositivity in the trout optic
tectum was mainly found in small cells. At 1 week after op-
tic nerve injury, the proliferative activity was mainly found
in the dorsal matrix zone of the cerebellum, radial glia and
primary periventricular zone of the optic tectum, and some
parenchymal cells. We identified the radial and tangential
patterns of cell migration in the cerebellum, among which
we detected PCNA-ip and -in elements. We identified PC-
NA-in neurogenic niches especially in the dorsal part of the
cerebellum and in the optic tectum.

Our results showed that: (1) destroying the integrity
of the eyes and injury to optic nerve head lead to intense
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proliferation and migration of cells in the optic nerve head
region. We assume that optic nerve cells with proliferating
reactive astrocytes arise in response to optic nerve injury. (2)
Adjacent muscle fibers damaged by trauma are a source of
regional macrophages involved in the neuroimmune inter-
actions during the post-traumatic period. (3) As a result of
combined mechanical eye injury and optic nerve crush in
the sensory integration centers cerebellum and optic tectum,
proliferative response occurred. In the dorsal part of the
cerebellum in response to mechanical eye injury and optic
nerve crush, we identified neurogenic niches and radial and
tangential cell migration. The number of PCNA-labeled ra-
dial glia cells increased in the parenchyma and neurogenic
niches of the optic tectum. These data indicate that crush of
the optic nerve head can cause the proliferative response of
cells in the matrix areas and activation of neurogenic niches.

Primary culture of trout brain cells
Primary culture of salmonid cells from various organs such
as the heart CHH-1 (ATCC CRL 1680), ASH; kidney YNK,
LTK; liver LTL; and gonads RTG-2 (ATCC CCL 55), RTO,
RTF, ASO has been performed in different salmon species
Oncorhynchus keta (Watanabe et al., 1978; Lannan et al.,
1984), Oncorhynchus masou (Watanabe et al., 1978), Onco-
rhynchus mykiss (Wolf and Quimby, 1962), Salmo salar (Wolf
and Mann, 1980), and Salvelinus namaycush (Cheng et al.,
1993). Salmon embryo cells are most successfully cultured,
because they survive well under the culture condition and
are capable for further growth and development in vitro
(Lannan et al., 1984; Fernandez et al., 1993; Larke et al.,
2011). However, to the best of our knowledge, no studies
have been reported on culture of salmonid brain cells and
particularly on primary culture of adult salmon brain cells.
Therefore, this study was the first to attempt to perform
primary culture of adult trout brain cells. Cells from various
organs of the trout, like gonads (Larke et al., 2011), kidneys
(Andral et al., 1990), and muscle (Fernandez et al., 1993)
had been cultured. Culture of trout cells under pathological
conditions, such as hepatoma RTH-149 (ATCC CRL-1710)
cell line (Andral et al., 1990) and nephroblastoma RTN (Wolf
and Mann, 1980) has been reported. Culture of trout embry-
0s RTE, RTE-2 (Fernandez et al., 1993) and young fry RTF-1
(Wolf and Mann, 1980) has been successfully conducted.
Results from this study showed that the linear volume
of cell conglomerates increased with culture time. We also
found that the sizes of conglomerates range from 33 / 19.9
t0 99.6 / 62.7 pm on day 1 of culture and from 23 / 20.4 to
105 / 62.3 pm on day 4 of culture. This clearly illustrates
the gradual linear increase in the size of conglomerates and
gives the reason to conclude that the in vitro proliferation
processes of cells of the CNS of adult trout can be recorded
by cell culture. Findings regarding patterns of mitosis and
of cells entering into differentiation processes and forming a
monolayer suggest the utility of such primary culture systems
for observing the process of proliferation and differentiation
in vitro, which are otherwise difficult to be observed in vivo.
Interestingly, after 4 days of culture, most of the cells were in
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suspension while others remained in the form of adherence.
We further confirmed that the majority of cells in suspen-
sion were proliferating but not dead and some of them con-
glomerates. We also observed higher proliferative activity
in the suspension compared to in the form of adherence. In
this study, we did not pay special attention to creating spe-
cial conditions for the subsequent differentiation of cells in
the monolayer, and therefore, we did not add specific growth
factors to the growth medium. Significant proliferative ac-
tivity was observed in cells in suspension and as part of con-
glomerates. Immunohistochemistry analysis of suspension
cells showed that type IV small cells were in the proliferative
state. Analysis of the cellular composition of conglomerates
revealed that some conglomerates are formed by isometric
elements, which may be the descendants of a single cell and,
therefore, represent typical neurospheres in suspension.
Detection of neurospheres, which we interpreted as descen-
dants of stem cells, was confirmed by immunohistochemical
labeling of PCNA. PCNA immunopositivity was found pre-
dominantly in single cells and small cells forming conglom-
erates. Unequal intensity of PCNA labeling of cells in the
conglomerates in our opinion indicates heterochronic pro-
liferation of these cell clusters. Thus, we consider the most
intensely labeled cells as being able to direct the proliferation
while cells with comparatively lesser intensity as the cells in
which mitosis is complete. In trout brain cell suspension, we
identified very small cells (less than 5 um in size) with the
highest activity of PCNA labeling. We believe that this type
of cells are the most actively proliferated population of cells
of the adult trout brain and maybe this type of cells may be
located in the proliferative zones of adult trout brain.

According to Zupanc (2011), in adult fish brain new cells
arise from precursor cells that have stem cell properties. In-
sulation like cells from the dorsal telencephalon and dorsal
part of the cerebellum from electric fish A. leptorhynchus
were investigated (Hinsch and Zupanc, 2006). In particular,
after 3—4 days of culture, cells isolated from dorsal matrix
area of the cerebellum and dorsal telencephalon of A. lepto-
rhynchus can be transformed into different cell types (e.g.,
particularly in GFAP-ip astrocytes, vimentin-positive cells,
Hu-expressing cells and microtubule-associated protein 2
(MAP2) (2a + 2b)-ip neurons) by adding embryonic serum
to the culture medium (Hinsch and Zupanc, 2006). After
3—4 days in culture, these cells give rise to neurospheres
that grow through cell proliferation and reach diameters of
as much as 140 mm within 3 weeks. The growth of neuro-
spheres was enhanced by epidermal growth factor and basic
fibroblast growth factor. According to Hinsch and Zupanc
(2006), similar cells isolated from areas of the matrix zones
of brain possess properties of multipotent differentiation as
they can be transformed into different types of neurons, glia,
and further retain the ability to proliferate.

In this study, we did not specifically isolate cells of the
matrix areas of the brain, but culture of cells from the whole
trout brain showed that cells retain much high capacity to
proliferate. Perhaps one explanation for a significant prolif-
erative potential in cultured trout brain cells is the lack of
growth factors in the culture medium. The formation of two

types of conglomerates, i.e., heteromorphic and homoge-
neous, indicates the high proliferative potential of brain cells
to successfully proliferate in the culture.

Thus, we isolated cells from the brain of trout and cul-
tured them in vitro under the standardized conditions as de-
scribed above. We observed formation of heteromorphic and
isomorphic (neurospheres) conglomerates with high prolif-
eration activity along with the cells in suspension. As shown
earlier, neuronal regeneration is intimately linked to adult
neurogenesis. Different species of fish examined thus far also
generate new neurons constitutively, both in large numbers
and in many regions of the adult CNS. Comparative analysis
has suggested that adult neurogenesis is a primitive verte-
brate trait (Zupanc, 2006). It is likely that the availability of
all the cellular and molecular regulatory mechanisms neces-
sary for the generation of new neurons in the intact CNS has
greatly facilitated the repurposing of the cellular machinery
for neuronal regeneration with only slight adaptive changes.
A broad understanding of the biology of adult neurogenesis
and neuronal regeneration will also facilitate the analysis of
the selective pressures that have caused the loss of the regen-
erative potential during the evolution of mammals. We tend
to further study the process of differentiation in these cul-
tured cells and propose them to be used as a model system
for further study of mechanism underlying adult neurogen-
esis in the salmonid fishes.
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